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LOW-ENERGY PION DOUBLE CHARGE E.<CHANGE

AND NUCLEON-NUCLEON CORRELATICNS IN NUCLEI

MICHAEL J LEITCH,

Loe Alamos Namonal Laboratory

ABSTRACT

Recent measurements of pion doubkcharge exchange (DCX) at energlea
20 to 70 MeV are providing a new means for studying nucleon-nucleon
rorrelatlone m nuclei. At these energies the nucleus is relatively trans-
parent, allming simpler theoretical models to be ueed m interpreting
the data and leading to a clearer picture. Also the contribution to DC.X
of sequential charge-exchange scattering thlough the intermediate ana-

log state is suppreeeed near 50 MeV and traneitiGns through n.n-anakg
intermediate ~tame become very Important. Recent theoretical studies
by several groups have shown ~hat whale trmamona through the analog

route revolve relatively long nucleon-nucleon dlstancee, those through
non-analog intermediate statee obtain nearly half their strength from

nucleon paIra with Iese than 1 ferrru separation. Thus DCX near 50
MeV is an excellent way ro study short-range nucleon-nucleon correla-
tions.

Data haa been obtained for double-mbaric analog state (DL4S) transi-
tions on 14C 18(2, ‘a A%{g,and a number of nuclei m the f-7~ 2 shell ln-.
cludmg ‘z”” 4*Ca, prlmardy at 35 and 50 MeV. Additional data fcr non-
analog [ground state) tranzlt.ons haa alw been obtained for lZC. These
data are consistent with the tw~amplitude theoretical models where

the two arnplitudea represent eiattermg through analog and through
non-analog intermediate statem Calculations bad on shell-model cor-
relations exphun the general trends of the data. Prellrmxary new data
cm the forward-angle energy dependence of the DIAS and g o transi-
tions for 42 ““*’Co from 25 to 70 MeV is preeented here md the current
theoretical pl:ture baaed upon this data is reviewed.

I WHY LOW ENERGY DCX”’

NI1cI@Iare relatively trm~parent to low-energy [20 to 80 hfek’1 plons and thus these

pmns penetrata nuclel much more than tnoee w=lth energlee nearer the iX33 resonaricr

[T. = 164 Me% ) Thm can he eeen In Flg 1 w-liere I show data from the Tel .~.VIV group’ ]

for var~om components of the total m - 11 c ~rom ~ectlon versus ●nergy If w@ cnnrentrnl-~

..ln rhe tots] Md the abmrptlon crou sections wc gee t:lat they both fall rapdly ~-lth L-lr-

crcaalng energy be[ow the remnrm.rn “I”k,latran~parenry near !iLI NleV ~hen all.ws s,mplcr



theOreLICd models (e. g., plane wave) tG

be applicable and helps to form a clearer

picture fcr pion reactions in rhls energy

range.

Of course Lhis re!ative transparence

In:
--------,

also wdl exut well above the re~onance.

however, another very Important feature

of low-energy plom givee them a umquc

t
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Fig. 1. Decompomclon of the total x“-
carbon croee aeaon. Th~ Iinee are drawn
to gcude the eye. (Ref. 1 )

adv~tage. This feature can be seen In

Fig. 2 which showe the zer~degree plon

single-charge-exchange (SCX) croae sec-

C1OU for the proton (x ‘p - x“n) and for

the ieobaric-analog state (M) transition

oa varloua nuclel (s- 4 - x- .4’) The

shac p mimmum for 1If is due to a can-

cellation of the s- and p-wave arnplltudes.

\Vhat M ~mewhbt Su:prlsing m that this

rnmmum perwate for tbe 1A5 trensltlon

on nuclel up to “05n. This both reaf-

firms the Idea stated above that the nuclear medium effects on low-energy pmn reactions

are re]aclveiy weak and cmtrlbutes an impx:wt feature to pion doubl~charge exchang?

reacclons to the doubl-leobarlc analog otsta (DIAS) near 50 MsV. If we lGok at Fig 3.

which shows che evolutlon with energy of the angulm distrlbutloc for one of these croso

sections. we eee that although ● tugher energme DCX VIA two fomvard-angle acatterlnge

through an analog mtermmhte state (analog rout?) m allcmd It m mhlblted strongly near

50 MaV Thu- the analog route near 50 MeV IS auppreaacd becriuse It mum gc through

larg~angle ecattarmg~ and LSmusing t~e streagth normaily contributed by fcrward-angle

scactermgo ‘;hwt DCX routee through non-analog (NA) Intermediate otatee become duml-

nant and. AUI WIII chow below, theea are much more Intereetmg Theee two types of rouccs.

analog and NA, arc whematlcally shown ID k-lg 4

IAS and DIAS trarmtlons. both dmruaaed ahve. are EpKIal ~ranmtlons where cl[llcr

one or LWCJneutrons are changed to proton~ wklch r~rnmn In lha mme opstla.1 conflgur~llun

Thrn lho nuclear-struccure aspect of Lha r~actlun. In prlnclple. 10 rJImplIfbd and .)na I-mI

fu,-us on reactmc mechanmrc queutmns
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F!g. 2. Zer-degree SCX excitation functions
for 1H to 120Sn (from Ref. 2) showing the

persiatance of the zer~degree minimum for
SCX on nuclei. The Iinti are to guide the

eye.
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Fig. 3. Fommrd-angle SCX for lCN at
several energies (Ref. 2). The curves
are to guide the eye.

Finally, we come to the unique properties of DCX. Since in a DCX reaction the pion

must interact with two nucleonm in the nucleus it in inherently aeneitive to the correlations

of theea nucleona. h we will H below, come of these correlation can be produced simply

by the ohell-model etructuro of their orbits. However, other more exotic “correlations”

can come into the picture from. m~anism such aJ thow depicted in Fig. 5. Mechanisms

such aa theaa, which in some aenee Me equivalent to N-N correlation, are intrinsically

very interesting and begin to bear on the question of the interfaco between quark ~nd

meson/hadron degrees of freedom in the description of nuclei,

A final point about the relationship o{ SCX and DCX rnhould be made, Any in-

terpretation or calculation of DCX nhould also look at elastic scattering and SCX in ~

(Inlfied picture. A good illustration of thin is provided by the PIES DEXSI calculations u



Sequential DCX

Soquantlol Sequonflal
Analog Non-onolcq

—l- —l-

— 3-

— 2“
0+ o“

~ La’&

— 1“ —1+

14c 14N 140 14c 14
N

14

5

Fig. 4. Illustration of the two types of sequential scattering involved in DIAS transitions.
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F!g. 5. illustration of short-range DCX mechanhna.

shmvn in Fig. 6. Here we show two typea of calculation with each done for both SCX and

DCX. The dramatic feature ia that although the two SCX calculations do not differ by

a large amount the rorrwaponding DCX calculation (analog-route only) differ by nearly

an order of magnitude. Thw it u clear that SCX must be correctly described before a

serious interpretation of DCX can be attempted.

11. UNEXPECTEDLY LARGE CROSS SECTIONS: 14C AT 50 MeV

The 5ret DCX experiments iu the low-energy region were done at 50 MeV on 14C

at the TRIUMF/TPC41 and shortly after with the Little Yellow Spwtrorneter (LYS) at

LAM PFgl. Spectra obtained In these two experiments are showD in Fig, 7. The energy

resolution of the ‘1’PC experiment ia just barely adequate to reeolve the DIM while that

f>r the LAMPF experiment is -2 # MeV However the moot important differences can
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FIK. 6. PIESDEX calculations com-
pm-ed to SCX and DCX datn as da-
scribed in the text.
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Fig. 7. Comparison of x- spectra from

14C(X+, X-)L40 for the LAMPF/LYS ex-
periment (top) and the TRIUMF/TPC ex-

periment (bottom).

be seen in Fig, 0 where the engular distributions are shown, The LAMPF data hu

much smaller uncertainties and extends all the way down to 20° acnttering angle. The

importance of small wattering angim is strti by the theoretical calcul~tioru of Mlllerel

which involve I?CX directly on pr~existing f3-quark clusters. This mprculation, which

preceded the LAMPF measurements, cauaed considerable excitement at the time, however,

since then more conventional models have also bean able to describe the strong forward

peaking in the angular distribution. A represented by the curve labeled ‘sequential

uptlcal model” nimple calculation involving only the analog routs produce small, flat
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Fig. 8. 14C(Z+, Z-)140 (DIAS) at 50

MeV with Miller’s &quark calculations.
The solid data points are the LAMPF
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UMF data,
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F!g. 9. Crdculations of Karapiperia
and Kobayaohi from Ref. 7.

croaa sections. A-hole calculations of Kara-

piperb and Kobayaahi’1 are shown in Fig. 9.

The eeaential feature of them calculation

is the inclusion of non-analog intermediate

states, particularly the 2+, Without this 2+

intermediate state the croaa section is small

and flat, The multiple scattering calcujationa of Gibbs, Kaufmann, and Siegela} are shown

in Fig. 10 and alao inciude via c!osure the NA intermediate statea. A very interesting

feature of these calculatioua is that they are able to characterize the tw~nucleon range

and intermediate acuttering angle of the proceaa, M ohown in Fig. 11. As dimmed before,

the proceaa tends to involve two near 90° acatterings and alao involves rangea leaa than 1

fm about 50% of the time. At this point one haJ to mk, with ouch short diatancea involved,

ia it still valid to think of the proceam in terms of nucleons? Thus, although the model

involving quark degruum of freedom cannot be proved to be involved such effecte may be

hidden underneath a conventional &pproacb.

Another approach haa been usd by Blemynski and Glauber. ‘J) They have done plane

wave cdculationa with analog and NA intermediate strdm and with spin-flip in the closure

approximation, ~ shown in Fig, 12 with Cohen-Kurath wave functions the agreement

with the data is quite good. AIUO shown are curvw for pure spin-singlet (l SO) and pure

spin-triplet (s PO) staten which have quite differcut angulm distributions. An described in
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Fig. 10. DCX calculations of AGGK

(PSf. 8) using various wave functione.
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Fig. 11. At 50 MeV about half of the
contributions to IM F(0) come from short
distancee (s lfm), and undergo two nearly
90° ecatteringe. (Ref.8.)

Ref. 7, this arisee from the different correlation propertied implicit in theee two config-

urations. The s PO wavefunction vanishes for 71 and 72 parallel or antiparallel while the

1SO is largeat for theee caaea. Thus the 1SO doeen’t inhibit ?’1e 72 for the two nucleons

and will have more contributions from shorter-range N-N paira. The angular distribution

goes aa the form factor of the centroid of the pair R = ~(Fl + F2) which for a pair that

baa short range is ~ * F1 - 72. Thus for a 1S0 pair the centroid will extend to large

radii corresponding to a sharply peaked form factor and producing a forward-peaked crow

section. Their calculation &o show (Fig. 13), aa wae discussed above, that NA interme-

diate statea are eeaentiaI to produce a forward-peaked croz~ section and also that including

spin-flip reduces the forward-angle croea section by a substantial amount (--30%).

Following theee measurements on 14C additional 50 MeV angular distributions were

meaaured by the TRIUMF group on the QQD magnetic spectrometer for 100 and 20Mg

(Refb. 10,11). As shown in Fig. 14 theee croea sections are eeeentially identical in size and

14C Thus the large forward-peaking feature is not nucleus specific andshape to thoee for .

haa no appreciable reduction with A for theee T= 1 nuclei.
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Fig. IS. Schematic diagram of the
Clamshell Spectrometer system used
for DCX measurements by our group
at LAMPF.

111. CLAMSHELL SPECTROMETER

For the experimmtn which followed (in 1986) a new magnetic spectrometer at LAMPF,

the Clamshell spectrometer, has been used. This spectrometer, shown in Fig. 15, is a short

(+2 meter average path length) magnetic spectrometer intended for low energy pions. Par-

ticle identification is obtained from the range of particlee in the rear ecintil~ators (s2-s7)

and from the tim~of-flight through the system (between S1 and S2). Since there is a huge

variation in both path length and momentum acroae the focal plane an effective ‘time-of-

flight” for a central ray ie conet-wcted by making position and angle corrections and, as

seen in Fig. 16, a time-of-flight resolution of about 1 ns (fw) is then available to cut on.

In our mcwt recent runs the Clamshell ha been upgraded to include a forward-angle

system which allows meamremente of DCX at scattering anglu as small ae 10°. This is

important, particularly at energies of 50 MeV and above, to give larger counting rates

where the croaa sectione become increasingly forward peaked. Since typical moaaurements

at one energy and angle take one to two days this system can make huge improvements

in running times. The forward-angle setup is shown schematically in Fig. 17; it is simdar



to those used with other LAMPF spectrom-

ters. A small sweep magnet just downstream

of the experimental target bends the inci-

dent x+ beam to the right while bending

the x- from DCX the opposite way into the
jw~c~ UAGNiiT

spectrometer. For 0° scattering angle a sep

,.~. aration of approximately 20° (depending on
,.

reaction Q-value) between the T+ and r-

.- 9EAM results. With thin system singles rates in
T(RGCT

the frcmt scintillator (whlcb usually limit the

rate of beam on target) are almost an order

Fig. 17. Schematic of the forward-angle of magnitude lower at a scattering angle of
setup of the Clamshell.

15° now than they were before at 20°.

h even more significant advance is expected by 1990. Thie involvee adding a su-

perconducting RF cavity called the “scruncher” to the Low Energy Pion beam line which

will compress the momentum spread of the incident beam allowing us to run with the

full pion flux of the channel yet still obtain good reeoiution. We expect this will give ap

proximately a factor of three higher counting rate and will also allow us to obtain 1 MeV

(fwhm) resolution for all but the very low-energy measurements (T. <25 MeV) where

target thickness effects dominate.

IV. 19-80 MEV 14C

Some of the spectra obtained at energiee 19 to 80 MeV for 14C(~+, X- ) are shown

in Fig 181al. One remarkable feature is the rapid rise with energy in the non-analog

strength at E= 2 5 MeV. The angular distributions for the DL4S transition are shown in

Fig. :9. The shapee am flatter at low energy and steeper at higher energiee, = one might

expect. The c.urvee shown ore phenomological opticaI model calculations of PIESDEX3)

with isotenso- # terrna (i.e,, with correlation effects) and without. Clearly correlation

effects are required. The dramatic energy dependence of this “C da&a along with similar

data for 12C from Ref. 13 are show in Fig. 20. Both the 14C DLAS Md the lZC non-analog

grouzd state transitions diupiay sunilar behavior suggesting that the same mechanisms

may be involved. It is ah important to note that the 14C data actually peaks near 50

MeV falling off rapidly cm either side. Similar data for the 100 DIM taken later by the

TRIUMF groupg) hae che same feature.
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One of the problems which hm INIrfaced m the theoretical mterpretatlon

datalz} IS the uncertainty of the pion abaorptlon input ueed in DCX cdculatlone. In

r Ig 21 are shown calculations of Glbba and Ka~fmann bed upon two co~trachctory setn

af absorption data (me Refs 1 and 17) It IS clear that thm dmcrepancy needs to be

re~oived, perhape with new abeorptlon data. m order to obtain a ciear picture for DC.X
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Fig. 19. PIESDEX c Aculationm com-
pared todatafor 16C(x+, x-)i40 (DLAS),
The solid curve is with an iaoteneor pa
term and the daahed curve in without,
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Fig. 20. The energy dependcmces of
the 0/5= croaa eectiona of DCX for the
lt~” D~ -d ltc g,s, transiticma are

very similar. Data is from R& 5, 12,

14, 15 (14C) and Ref. 13 (12C).
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Fig. 21. Calculationaof “C(x+, x- )L40 (DIAS) G.

1
II

1
by AGGK (Ref. 16) for ,WO difkent thaorption ~ -~

“ j
strailgtks: did curve using the data of Nakai &t

of. (Ref. 18) and dashed curve with the Tel Aviv

1

~ : ~-_._

data (Ref. 1). The DCX data is from Raf. 12, J , If,
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Fig. 22. Spectra for DCX on 4aCa

at 50 MeV where we were unable to
obeerve the DIM transition.

V, ISOTOPIC COMPARISONS

o
w

Fig. 23. Spectra for DCX on calcium

iaotopea at 35 MeV and 400.

IN THE }7/2 SHELL

After the measurements on light T = 1 nuclei our group begau to look at the calcium

hmtopeo. Initial attempts to meaaure ~sca at 50 MeV were unsucceoaful becaum the DIAS

lieu at an excitation of 17.1 MeV amidst a very strong continuum (Fig, 22). However at 35

MeV, where the continuum etrength in dramatically reduced the spectra s~own in Fig, 23

were obtained ( Refs. 18, 19). The cross eectiona obtained at a 40” Mattering angle are

shown in Table I along with a two-amplitude (AB) analysis following Auerbach, (libba,

and Piaaetzky. ‘o) First let ua look at just the experimental numbers, Although 44Ca haa



six times more neutron paira for the DCX to take place on, the meuured crose section

is nearly a f~tor of two am~ler th~ that of 4zCa. Also, although 48Ca h= ’28 tlme~

42Ca. Clearly something unique andmore pairs than 4~ca, it ie only slightly larger than

dramatic is happening near so MeV.

Table L

Phemomological A.E analysis of the 3S MeV, 40° Ca isotope data 19)

Target AB Model du/dfl(35Ndf,40° )(pb~
42ca /.4+Bl~ 2.Ok.5
44ca IA+*B12 1.1*.15
48ca [A-~491a 2.4k .6

—.

[Al = .34 * .03, Iq = 1.20t .14, #=59, lfl =3,5+.5

Becauee of the shell-model configuration of the valence neutrons for aach ieotope, M

shown in Ref. 20, transitions through don-analog atutea (B amplitude) are weigh.ted by

different factors relative to transition through the analog route (A amplitude). In the

seniority model tha cross section gotm n (Ref. 21)!

(1)

where n is the number of valence neutroas, j is the orbital angular momentum (’//2 for the

/7/2-shell), and A and B are complex amplitude repremnting transition through analog

and non-analog intermediate states, respectively. The factor n(n - 1)/2 is the pair factor,

i e,, the number of valence neutron pairs. The unique feature of low-energy is that A,

the analog route, is strongly zuppreued near 50 MeV dua to the n, pwave cancellation

in SCX. Thus u shown in aomo theoretical calculations of Auerimch, Gibbs, Ginocchlo,

and Kaufmann221 (Fig. 24) tho ratio IB1/]Al becomes very large causing the shell-model

vari stion between isoto~ to produce huge difference in the crou mctions. In Tal-de 1

phenomologicmi valueu for [Al, IL?[ and the relmtive phase are extracted by fitting to the

three data points and do give ● large IB1/lA[ value of 3,5 A ,5, I wi!l show below how thlo

phenomological picture holds up for more than three d~tm poi~~ta (where it h~ predictive

power) after I have introduced the newest data. So, in summary, nince B is large comparad

to A the quan!ity innida the vertical barn is Iarga for 4’Ca, but for 4’Ca and 4ac..’u in no
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F!g. 25. Preliminary forward-angle dis-
tributions from our LAMPF experiment

#1045 for DIN trmsitionu on several /7/2-
shell nuclei at 35 MeV

[~ -q W

26. From Bleaxynski, Blaasynski, and Glauber

qml’og)

(Ref. 23). a) The Oeparation

{iansitieo for “{~~, “~~a, ‘eCa, ~d “CO (solid lines). The dotted curve UJ the sepa-

ration density with the correlation function L’N ~ aet equal to zero. “rhe dmhed curve
,l)rrexponds to s configuration-mixed repreaemtation of 43C@, b ) (comparison between

the theoretically predicted differential cross rnecticms and the experimental data fur tha

reactii~na x ‘ ‘(~a(04 ) + x ‘Ti(O+ ), for A -= 42, 44, and 48, at 35 MeV.



small (with the 1/9 + -1/7 factorn) that even with the larger pair factors the resulting

croea sections are similar co thoee for 4aCa.

Our newer (preliminary) data for a number of r’ja nuclei with 3-point angular

distributionsls is shown in Fig. 25. Of particular note is the difference m angular distri-

bution shapes between T = 1 (steeper) and T 2 2 (flatter) nuclei croaa sectious, These

featurea have been explained by Bleszynski, Bleszynski, and Glauber (BBC) .2s1 Some

BBC results are shown in Fig. 26. The N-N separation involved is strongly peaked at

smaller range for 42Ca which has the large c~ntribution from the ‘Bn term. Thus the

B term ia strongly wmaitive to the shorter-range correlations and thus is of particular

interest, AISO important to note is that a small amount configuration mixing from the

~~ia-shell substantially increasea the forward-angle croaa section, Clearly configuration

mixing is an important ingredient of the full picture. The results shown here were also

s~town in a recent Physics Today article, “) There is good agreement with the data and

the more steeply falling croaa section for 43Ca (T=l) is also evident.

VI. ENERGY DEPEFJDENCEl OF DIAS AND G.S. TRANSITIONS FOR /7/z-SHELL

NUCLEI

Our moot recent data ‘July 1988) addreaaea the energy dependence of both DIAS

and gs, tranoitiona on the \“/’-shell nuclei, The new Clamahell forward-angle system

(described above), which we developed along with MP- 10, wu used Some of the spectra

obtained are shown in Fig, 27. Theee data are preliminary as they are from on-line

analysis. They are summarized in Fig. 28 which shows the energy dependence including

other data above 70 MeV from Kaletkaas) for perspective. Both DIAS and g.e, cross

suctions have huge riaaa ak energiee below 70 MoV. For 42Ca a dramatic and rather sharp

peak at 50 MeV is evident, Further data will be taken in 1989 to batter define these

features, At this time it ia diflicult to say what mechanimna cauaa such dramatic features

but one can gueae that tince the featurea of the DfAS and g.s. traomitiona nrrn nim-i!mr n

common murco may be responsible. Also, since the Q-valuee involved, shown in Table 11,

vary dramatically this may account for tke apparent energy-shifts between the peaking

for the (iifferent transitions.

With this larger body of data, we can now take a mora seriouti look at the !,}~enomo-

Iogical AB model. Note that the ground ntate transitona are ahw part of the AU pictt?rc

and in fact have croaa sections which go aa [13[’. S{}rne of the nuclei (thoee with both

vnlenco neutrons and protons) do not follow the simple seniority nh~]l-mo~el picture {)(



F!g. 27. Spectra from our LAMPF
experiment #1098 for 65 MeV DCX

on calcium isotopes.
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Fig. 20. Preliminary data on the energy-
dependence of DLAS and g.w transitions
on calcium isotopes from our most recent
run (Exp. 1098). The data at 130 MeV

are from Kaletka et af. (Ref. 25).

Ref. 20 md must be treated within a more realistic /7it model as

Gibbs, Ginocchio, and Kaufma.nn (AGGK).’*I

In this model the cross aaction for DIM transitions is given by

to that of Eq, (l), which for tho f7Ji-chell and T = n/2 is

shown by Auerbach,

an expreaeion similar

where X -= (5 – n)/[3(n - 1)] with n being the number of valence nucleons. For the g s

transition the analogous expression is,

‘i;:;-((7)

n )

(:{)



Table II.

Q-values for varloua DCX reactions

Target Q9.,.(~ev) QDIAs(~ev) E~fAs(A4eV)

46T~ -13.64 -13.64 0.

60Ti -0.6 -13,22 13.06

60cr -13.44 -14.83 1.39

54FG -15.s3 -lG.90 o.

41C’a -12.40 -12.40 0.

44ca -2.90 -12.33 9.44

4’Ca 5,29 -11.84 17.13

The resulting croae-mction expreaaiona are shown in Table 111. For the purpoeea of the

phenomological analyais here, I will work with the eeniority model but apply corrections

to these nuclei baaed upon the ratio between seniority and the full shell-model results of

the reaction-model calculations in Ref. 21.

Table III.

Seuiority Model Cross Sections from AGGK (Ref. 21)

_.——
do/dfl

Target DIAS g.s.
-..

IA+ I?]2 ‘— _
- .—..

42Ca,g4 Fe

44Ca,52 Cr 61A+ .llB[~ 1.5813a

doca,bo Ti 151A - ,07f112 l,94Bt

4’Ca ?S[A - 14B[2 1.36B1

4eTi,60 Cr 1A + 1.471312 —-

d~Tl,6~ Cr 6] A+.17L312 2.3B8
.—-— —————–-.— .———..-..—-—- ..—.—.-..—.——.—— —..—..—-—-..—.. . ,-..-— —— . . . .. .—l~~—..

(Note: “(:u(g#.)/4@cu(g> #.) -= 110)

The renults of thin phenomulqical approach are ~hown in Table IV, For 35 MeV 1

hnve tit the 4Y144’4’~U(I I)IAS crone mctiune while for t~fiMeV [ have fit the 4214*~‘(l DIAS



and the 44Ca g.s. croea sections. For those nuclei where appropriate, the seniority resu!t

is given first with the (more correct) full shell-model result in parenthesis below.

TULE IV,

Seniority Model Fits (Preliminary Data) ●

35 MeV 25 dog 40 dog 70 deg

data AJ3t data ABt data ABt

DIAS 42(la 2.27*.29 2.27 1.9+.3 1.9 .4:k.08 .4 —

DIAS 44ca 1,09*.16 1.09 1.1*.15 1.1 ,16+.04 .16

DIAS 60Ti 1.55*.27 1.47 1.38+.18 1,45 .71*,13 .83
48caDLAS 2.7x.9 2.7 2.4+.6 2,4 2.2k.5 2.2

DLAS 4eTi 2.53&.S5 46a 2 11*.30 3.89
(a.7s: (1.a7) .47+.12 (.::)

DIAS 54F0 1.5*.4 2.27 .9+,2 1.9 .04*.03 .4

g.s. 44(=8 3.78.— 2.1s ,80
(1.01) — (,77) — (.31)

g.s. 46Ca 1,3*.3 a.39 1.8s
(87) — (.67) — (:$

65 MeV 15 dog

data ABt
———.

D IAS 42C8 1.3s+0,16 1.21

DIAS 44Ca <.6 0.66

DIAS 48ca 0.34*0.11 0.34

g.s, 44C8 0.6~0,1 1 19
( 61)

g.s. 4’Ca 0.07*0.04 1.02
( ST)

———.— ——— —.... . .—.. —... -— .. .. ———. .—.-———— .

* For the 35 MeV 42’44’4s Ca the DIAS cross sections are fit; at 64 MeV the 42148CU DIAS

and the *4Ca g,s. crow eecsions are fit,

t The AB nurnberc in parenthesis an the non-ueniority results obtained by ecaling ac-

cording to the 35 MaV/40 degre. ratioa of the A(; GKpaper’i). (Them ‘.re used even at

65 MeV, )

For 35 MeV at all three angleo the agreement io excellent with the exception of

“FF I!owever, since this model neglects n!lcleru size different- and 64Fe is substantially

larger than the other nuclei, this may be such an etfcwt. The angular distribution for

fid~r Fig, z6) IS also much sharper.( Fur 05 MeV, where we only have data at 15”, tho



48Ca g s transition data which is anomalouslyagreement is also quite good exce>t for the . .

small. Since the Q-values for the 46Ca and 44Ca g,s. transitions differ by about 7 MeV it

is poeaible that at the edge of a rather sharp feature this difference may cause a shift tha~

creates such a ratio. The small 4eCa g.s. croea section appears to be the anomalous one

44Ca g.s. makee thesince an attempt to include it in the fit rather than the 4aCa DI.\S

prediction much worse.

In summary the phenomological AB model appeare to give an excellent description

of the data with a few exceptions which may have simple explanation. With the success

of the A13 approach we can now begin to isolate the B strength which we

shorter-range correlations or perhape with more exotic DCX mechanism.

V, NEWEST THEORETICAL CALCULATIONS

aaeociate with

Several theoretical groups including AGGK and BBC (diecuased above) and Siciliano,

.Johnaon, Sarafian, and Brown (SJSB) are actively working towards moderstanding low-

energy DCX.

Some preliminary but current calculations of AGGK for the 14C (Fig. 29) and calcium

isotope (Fig. 30) energy dependence are shown. ~ ~~~~ 1

8

7 r“’’’’”] / ‘\
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Fig. 29. Calculation of AGGK (Ref.
16) compared to our zer-degree *4C
[)IAS transition excitation data. The
dmhed curve is without spin-flip

the solid curve ia with spin-flip.
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Fig. 30. Calcuiatione of AGG K (Ref.

16) compared to our prelimin~y data

(Expt. 109$) fcr DIA$ and g.~. tran-
sitions on calcium imtopee.



Theee dintorted wave optical-model calculations use closure and an effective excitation

energy for the interm~iate states. The seniority f 7/2 shell-model with spherical orbit a!s

is used. For the l’c c~culatio~ (Fig. 30) we see that including double spin-flip cauwe a

huge reduction. A sifilar but smaller effect w= seen above for the 50 MeV calculations

of BG (Fig. 14). The full calculation predicts roughly the correct magnitude croee section

but fails to reproduce the data’s broad peaking shape. The 4a14414eCo calculation are

compared to the data for both DLAS and g.s. transitions in Fig. 30. The g.s. calculations

do show a peaking with energy near 50 MeV similar to the data but appear to be too broad

and shifted to higher energy. The g.s. croee eectiona go ae IBls so this shape represents

the shape of B. Since we alao know that A will have a “parabolic” shape with a minimum

near 50 MeV we can then begin to understand how them caleulatione obtain so many

oecillatione for the DLAS croea sections, The DLAS croee eectione go u in Eq. (1) the

different isotopee croee eectione are formed by taking these combination of A and B. In

particular, for 4 B thus ailwing these A and B shapes4$Ca the croee section goee aa A - ~

to subtract and produce an energy dependence with two minima. However, these DIAS

calculation fail to reproduce the large peak at 50 MeV for 4zCa arid the apparently rapid

drop of the croee eectiona at 25 MeV. Given theee feduree it appeara that other effects such

as configuration mixing or t9CX coupling through meeon-exchange currents may need to

be included; AGGK are now studying theee and other effects.

I understand that BG are &o actively working on undemanding thee energy de-

pendence and that they may have a ‘conventional” explanation — but their r-u!ts are

not yet available,

.$: ‘r:@: Finally, I would like to mention the

work of SJSB. zel Although no results are

available yet it is interesting to note the

l? ‘i l+’ N featuree of their approach. They will cal-

(a\ [L’I culate DCX with dietortiona using cl-

sure, including double spin-flip, and us-

:~~”‘“!!?:
ing an arbitrary tw~body density mat-

rix. They aleo will include an extra cor-

relation function, r(r) = I – j.(<r), and

besidee the sequential mechanism will cal-
N N - N

(d)
culate aeveml explicit two-nucleon pro-

(() ceaeea including the DINT (A-interaction),

F!g. 31. Iliagramn considered in the model Fig. 31b, and DWAF (d in the wave-

of SJSB (Ref. 26), ns described in the text. function) diagrams, Fig. 31c-d.



V: SUMMARY AND CONCLUSIONS

We now believe that low-energy pion DCX is a significant new tool for studying

nucleon-nucleon correlations in nuclei. The large crose sections, the isotopic ratios, and

the different angular distributions for DCX on ~’iz-shell nuclei are understood in terms of

a tw~amplitude model which separates long and short-range correlation effects. The shell-

model correlations of the nucleone involved is eeeential to explain theee featurea of the data.

The neweat aata on the energy dependence of both DIAS -d g.s. traneitiona can still be

understood in terrne of a phenomological twmamplitude picture but is not reproduced by

current model caiculatiom. We hope that the featuree of the data, especially the dramatic

peak!.ng near 50 MeV will constrain the theoretical models enough to determine whether

additional correlations or new mechaniama rnuetbe involved.

I wish to thank the members of our collaboration, especially H. Baer, E. Piaaetzky,

and Z. Weinfeld, and alao N. Auerbach, W. Gibbs, J. Ginocchio, R. Glauber, W. Kauf-

mann, and E. Siciliano for many useful diecueeiona, without which this field of research

would not be ae vigoroue and ueeful aa it is.
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